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1. INTRODUCTION: 

There have been a numbcr of s u g g e s t i o n s  t o  e x p l a i n  the  

processes by  which  i n t e r s t o l l a r  g r a i n s  may Eorm. The first 

cie.i;&iled s t u d i e s  were done by  a group of D u t c h  as t ronomers  

i n  L n e  1940's (Oort and van de I iu l s t  1916;  t e r  Haar, 1944; 

K%a:r?ers and ter  Haar, 1946;  van de I Iu l s t  (1946, 1949) ) .  S i n c e  

-, ena-c t i m e  very  l i t t l e  s y s t e m a t i c  work on this problem has been  

done u n t i l  very  r e c e n t l y  when Hoyle and Wickramasinghe (1962) 

i n v e s t i g a t e d  g r a p h i t e  f o r m a t i o n  i n  cool s t e l l a r  atmospheres .  3 

A few papers  i n  t h e  i n t e r v e n i n g  p e r i o d  b r i e f l y  e x p l o r e d  v a r i o u s  

-s;?cts. van de H u l s t ' s  paper  i n  1949 w a s  t h e  cu lmina t ion  of 

~ i i  i n t e n s i v e  a t tack  which had c o n s i d e r a b l e  i n f l u e n c e  o n  astro- 

nomical thought  about  i n t e r s t e l l a r  g r a i n s .  

Somewhat i r o n i c a l l y , h e g i n n i n g  about  1949 a number of 

s i g n i f i c a n t  advances i n  :physics and chemis t ry  h a v i n g  a d i r e c t  

b e x - i n g  on t h i s  problem were made. I n  1949, Frank p r e s e n t e d  a 

t h e o r y  which e x p l a i n e d  how r ea l  c r y s t a l s  t e n d  t o  grow and much 

work, t h e o r e t i c a l  and expe r imcn ta l ,  has  been done s i n c e  t h e n  

( H i r t h  and Pound, 1963). Also,  starting about  1950, there has - 
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bm;; ex-i,ensive research i n  chemical r e a c t i o n s  a t  low tempera- 

- c u r e s  'inoth i n  . ,solids and  on s u r f a c e s  (Bass  and  Broide ,  1960). 

X T  :herefore  appeared  worthwhile  t o  a g a i n  i n v e s t i g a t e  t h e  o r i g i n  

of interstellar gra ins . .  T h i s  paper r e p o r t s  p a r t  of the con t inu -  

iilg s t u d y ,  Developments i n  s t e l l a r  and g a l a c t i c  e v o l u t i o n  i n -  

dicate  t h a t  a cont inuous  s o u r c e  of g r a i n s  is necessary .  

Schwar t zch i ld  (1958, 1962) e s t i m a t e d  t h e  i n t e r c h a n g e  of i n t e r -  1 

s t e l l a r  material  t h a t  is needed t o  e x p l a i n  t h e  r a t e  of s t a r  

fo rma t ion  and o b t a i n e d  a turn-over  t i m e  of 10 y e a r s ,  S i n c e  

this is s h o r t  compared w i t h  t h e  age of the ga laxy ,  which is of 

t h e  o r d e r  of l o l o  y e a r s ,  it would mean t h a t  t h e  i n t e r s t e l l a r  

9 

material  h a s  been p r e t t y  w e l l  c i r c . u l a t c d  through s t a r s  Priomor- 

dial g r a i n s  t h a t  formed a t  some early stage of t h e  ga l axy  s h o u l d  

have d isappeared .  Other d e s t r u c t i v e  p r o c e s s e s  s u c h  as  c o l l i s i o n s  

b #  

- ' .  

and  passage near  h o t  stars s h o r t e n  t h e  l i€et ime f u r t h e r .  

T h i s  paper  deals w i t h  t h e  q u e s t i o n  of n u q l e a t i o n  and 

subsequent  growth i n  i n t e r s t e l l a r  space .  When t e r  Haar con- I 1  

sidered t h i s  problem i n  1942, t h e  accep ted  k i n e t i c  tempera ture  

f o r  t h e  i n t e r s t e l l a r  gas w a s  10,000 K. A s  t he  t l temperaturel t  
0 

corresponding  t o  t h e  i n t e r n a l  energy  of molecules  and g r a i n s  

would be less 100 X, he  was f a c e d  w i t h  a s i t u a t i o n  r e p r e s e n t i n g  

a n  extreme d e v i a t i o n  from thermodynamic e q u i l i b r i u m .  I t  was 

0 

necessa ry ,  therefore, t o  r e s o r t  to a mechan i s t i c  t r e a t m e n t  of 

p a r t i c l e  fo rma t ion  w i t h  a l l  the compl i ca t ions  and u n c e r t a i n t i e s  

of such  method. 

i 
i 

l i  
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. I  . 

Today we face a d i f f e r e n t  problem because of t h e  r ecogn i -  

t i o n  by  S p i t z e r  and Savadof f (1950) that: e x t e n s i v e  l o w  tempera- 

turc r e g i o n s ,  w i t h  k i n e t i c  tempera tures  n e a r  1 0 0 ° K  would occur .  
* 

I-i is i n  these HI r e g i o n s  wiici*e a l l  . t empera tures  are below 100°K 

that g r a i n  fo rma t ion  would take place. Although thermodynamic 

e q u i l i b r i u m  does n o t  ho ld  e x a c t l y ,  t empera tu re  f o r  a l l  deg rees  

of freedom are s 6 f f  i c i e n t l y  c l o s e  t h a t  thermodynamic r e s u l t s  

may be expec ted  t o  y i e l d  reasonable answers.  

2.  NUCLEATION THEORY: 

Comprehensive d i s c u s s i o n s  of n u c l e a t i o n  t h e o r y  are g i v e n  

b y  T r e n k e l  (1955); T u r n b u l l  (1956), and Fede r ,  R u s s e l l ,  La the  

2r.L Pound (1966). A more conc i se  t r ea tmen t  i n c l u d i n g  la ter  

developments as w e l l  as c r y s t a l  growth has  been p r e s e n t e d  by 

H i r t h  and Pound (1963). 

r s  

I 

The r a t e  of n u c l e a t i o n  i n  a vapor is determinded by t h e  

ra te  a t  which s i n g l e  mole&les  add t o  c lusters  of c r i t i ca l  s ize  

20 form stable n u c l e i .  The f requency  d i s t r i b u t i o n  of c l u s t e r s  

and t h e  c o n d i t i o n  of s t a b i l i t y  is de termined  by t h e  f r e e  e n e r g y # ,  

of fo rma t ion  of a c l u s t e r  because e n t r o p y  as w e l l  as energy  

changes must be t aken  i n t o  account .  For t h e  f requency  d i s t r i -  

b u t i o n  one f i n d s :  
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w hc re 
3 in = number 01 c1ustci-s of i molecules/cm 

m = number of molecules  per  c m  

E/ 
i 

3 

AGi = free energy  of format ion  of i ' t h  c l u s t e r  

ana  

I n  e q u a t i o n  (2) CT is t h e  s u r f a c e  energy  and G G N "  is the 

f r e e  e n e r g y  d i f f e r e n c e  p e r  u n i t  volume of l i q u i d  between . the  

s u p e r s a t u r a t e d  vapor a t  ambient p r e s s u r e  P and t h e  b u l k  l i q u i d  

a t  its e q u i l i b r i u m  vapor p r e s s u r e .  This is g iven  by: 

c9 where 
n = molecular  volume 

- _ _ _  Pv = e q u i l i b r i u m  vapor p r e s s u r e  of  bu lk  7 .  
&-- 

phase 
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Oae o€ xhe weak p o i n t s  of t h e  t h e o r y  is t h e  assumption t h a t  

macroscopic thermodynamic p r o p e r t i e s  apply t o  t h e  small  

c l u s t e r s .  Equat ion  1-3 hold f o r  c rys ta l s  as w e l l  a s  drops 

wiiea the necessa ry  changos i n  d e f i n i n g  the v a r i o u s  q u a n t i t i e s  

have been  made. 

r n i t i a l l y , A 6 1  increases as molecules add t o  a c l u s t e r  

w i t h  t h e  r e s u l t  t h a t  c l u s t e r s  r e p r e s e n t  u n s t a b l e  f l u c t u a t i o n  

t h a t  form and  decay. Equat ion  3 snows t h a t  t h e  second t e r m  

i n  e q u a t i o n  is n e g a t i v e  and t h e  f r e e  energy  of a c l u s t e r  has  

a maxiinurn va lue  o b t a i n e d  by  s e t t i n g  
(j b6:i 

d b  
- 0  - 

J1 T h i s  y i e l d s  t h e  characterist ics of the c l u s t e r  of c r i t i ca l  size , 

f o r  which f u r t h e r  growth decreases t h e  free energy.  Clusters 

Larger than  t h e  c r i t i ca l  w i l l  no t  t e n d  t o  spontaneous ly  decay 
-I 

and are t h e  condensa t ion  n u c l e i .  

Fc r  the cr i t ica l  parameters  w e  o b t a i n :  

- 5 -  
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..... .... .. ... "..-~. ~ , ,  

and 

The n u c l e a t i o n  ra te  is t h e  rate a t  which molecules  collide 

w i t h  and  s t i c k  t o  c l u s t e r s  of t h e  c r i t i ca l  s ize .  

b y :  

T h i s  is given 

- J is t h e  number of n u c l e i  formed p e r  c m 2  pe r  sec, d 
s t i c k i n g  c o e f f i c i e n t  and 

-_ f a c t o r R  c > 
ti~sii? e q u i l i b r i u m  c o n c e n t r a t i o n  by  t h e  growth of s tab le  nucleii 

fil-io d r o p l e t s  or c r y s t a l l i t e s .  

3 .  INTERSTELLAR NUCLEATION. 

is a 

Z r e p r e s e n t s  a "non-equilibrium 

a r i s i n g  because  c r i t i ca l  c l u s t e r s  are reduced f r o m  , 

Equat ions  3 - 7 show t h e  fundamental  role of the supe r -  

s a t u r a t i o n  ratio, ?//+ i n  the  n u c l e a t i o n  p rocess .  Consequent ly  

w e  m u s t  determine t h i s  r a t io  i n  t h e  i n t e r s t e l l a r  medium f o r  a l l  

e lements  of i n t e r e s t .  The p a r t i a l  p r e s s u r e  P of the i t h  

e lement  is g iven  by: 
i 
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whei*e m. is the i n t e r s t c l l a r  c o n c e n t r a t i o n  of the e lement .  

Tai):e I d i s p l a y s  c o n c e n t r a t i o n s ,  partial p r e s s u r e s  a t  IOOOK and 
3. 

i;r,;xLct S r c q u e n c i e s  per c m 2  foi* ' t h e  more abundant e l e m e n t s  acd 
* 

ohse rved  r a d i c a l s .  R e l a t i v e  abundance are from Suess  and Urey 

(1556). U n c e r t a i n t i e s  i n  t h e i r  compi l a t ion  are not  sufficient 

t o  affect t h e  r e s u l t s  of t h i s  a n a l y s i s .  

- 7 -  



TAi3LE I 

TI-IE IWTERSTETtLAR GAS 

i E LE :\3 A T  ATONIC NO,, Mi P 

CONCENTRATION PARTIAL PRESS IMPACT 
(atoms/crn3) (torr. ) FREQUENCY 

. no/cm2 sec. 

H 

H e  

0 

N e  

N 

C 

Si 

Kg 

Fe 

S 

Ar 

1 

4 

8 

10 

7 

6 

14 

12 

26 

16 

18 

1 

0.1 

5 

2 x 10-4 

lo-& 
3 1.0'~ 

2 x. l o m 5  

2 

2 x 

3 x 

10-17 

10-18 

-21 5 x 10 

-21 2 ' x  10 

-21 2 x 10 

-22 

-22 

-22 

3 x 10 

' 2  x 10 

2 x 10 

10-22 

-23 3 x 10 

1 

0.2 

0.2 

0.1 

e 07 

.03 

A 1  3.3 3 x 3 0 02 

Ca 20 .006 

Na 11 10-23 e 007 

Ni 28 .005 

l o o 4  
loo3 

-25 
CH,CN, 10 

-7 
OH 10 
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The c lcmcnts  t o  wiiicb this c ,a lcu la t i ,on  applies and whose vapor  

pi*cssure w e  are i n t e r e s t e d  i n  a r c  carbon and s i l i c o n  and t h e  

n:c"ils which  condense d i r e c t l y  a n d  do no t  r e q u i r e  no recombin- 

rtzion r e a c t i o n s  f i r s t .  These are a l l  of l o w  v o l a t i l i t y  and 

va2or  2 r e s s u r e s  cannot  be mezscircci a t  low t empera tu res .  

Vapor p r e s s u r e s  can  be c a l c u l a t e d  t h e o r e t i c a l l y  u s i n g  ca- 
- 

p a c i t i e s  € o r  t h e  s o l i d  and molecular  energy  l e v e l s  f o r  the  

vapor.  The procedure is d i s c u s s e d  for example by Zemansky 

( l?g7) ,  S-1 aterr" (1939), Gurney  ( 1  Yi-#v). The r e s u l t i n g  equation 

for the vapor p r e s s u r e  is: 

.... . . . . . .  - _l_l_,_.___l_ ................. ...-.....,..--_----. - ... ............... 

Where z0 = heat of v a p o r i z a t i o n  a t  OOK 

C = s p e c i f i c  h e a t  of t h e  s o l i d  
PS 

C = i n t e r n a l  s p e c i f i c  heat of g a s  i 

i = chemical c o n s t a n t  = 

m = molecular  mass 

= s t a t i s t i c a l  w e i g h t  of molecule g o  

Vapor p r e s s u r e s ,  l i s t e d  as e q u i l i b r i u m  c o n s t a n t s  f o r  so l id -vapor  

i 

\ '  
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tynnsition, are g iven  i n  t.hc J A N A F  Tables (1961 - 1965) a t  

100 intervals starting at 100 K. The 1.00 K data is appropr i -  

a te  fo r  a n  H I  r eg ion .  Vapor pressures P and s u p e r - s a t u r a t i o n  
p 

r a t i o ,  f = F-, i n  the i n t e r s t c l l a r  medium appear  i n  Table 11. 

0 0 0 

TABLE 11 

INTERSTELLAR PaESSURE AND SUPERSATURATlON 

Element 

(100’K) 

l o g  P 

A1 -157 315 

c -358 780 

K - 35 32 

N a  

s v  

S i  

- 45 

-130 

-217 

57 

250 

450 

I n  o r d e r  t’o f i n d  the  c r i t i ca l  c lus t e r  s ize  and number of 

atoms from e q u a t i o n s  4 and 5 t h e  molecular  volume A’ and sur- 

face energy  c. f o r  t h e  e l e m e n t s  under c o n s i d e r a t i o n  are r e q u i r e d .  
f l  

The molecular  volume is given  by: 

- 10 - I-’ 
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where M = atomic wcight  

N = Avagadro’s nninber (6 x 

S = d c n s i t y  of h u l k  m a t e r i a l  (g/cm ) 
3 

&,rface  e n e r g i e s  are d i  f f i c : u l t  t o  measure w i t h  h igh  accuracy  

R ?  f;l.rsv,csh VFSRU&%ES R H ~ F P ~  ~ - r i ~ n f  f e r  our p v i r p s s e  ape a v ~ f  f 0 Z  

some materials (Adamson, 1933; Gilman, 1960; Geguzin and 

Ovcnaremh,  1962) .  Data f o r  carbon is d i s c u s s e d  by Ubbelohde 

and L e w i s  (1960) and b y  S c a r s  (1959). Table  111 p r e s e n t s  t he  

c rys t a l  p r o p e r t i e s  € o r  c a r r y i n g  ou t  n u c l e a t i o n  c a l c u l a t i o n s .  

TABLE I11 

CRYSTAL PR OPEET iES 

Element 

Carbon 1 2  

I r o n  56 

S i l i c o n  28 

Sodium 23 

Zinc 65 

The a p p l i c a t i o n  of 
-9 f o r  sodium and 4 x 10 

each case A* comes o u t  

Dens i ty  

2.2 10-23 130 - 1000 
7.9 , 1.2 10-23 > j e w  

2.4 2.0 x 1240 ’’ 

1.0 4 x 10 150 -23 

7.1 1.5 x 105 
I 

e q u a t i o n s  4 and 5 y i e l d  r = 1.7 x lo’* 

f o r  carbon w i t h  r= 1000 erg/cm . I n  

less t h a n  u n i t y .  A s t r a i g h t f o r w a r d  

2 

i n t e r p r e t a t i o n  would mean that  a s i n g l e  atom acts  as a nuc leus  

f o r  con t inued  growth. However, t h e  proper  e q u i v a l e n t  of s u c h  

- 11 - i 
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h 

macroscopic p r o p e r t i e s  of matter as s u r f a c e  energy ,  f o r  c l u s t e r s  

02 a f e w  molecules  is one of t h e  s tumbl ing  b l o c k s  t o  t h e  develop- 

ment of a r i g o r o u s  n u c l e a t i o n  theo ry .  Although t h e  e v a l u a t i o n  

of T h e  c r i t i c a l  c l u s t e r  o r  n u c l e u s  is u n c e r t a i n  here, it  seems 

r e a s o n a b l e  t o  conclude t h a t  i n  i n t e r s t e l l a r  space  a nuc leus  w i l l  . 
cons , i s t  of a ve ry  s m a l l  numbel- of atoms. P h y s i c a l l y ,  t h i s  comes 

about  because of t h e  low i n t e r s t e l l a r  t empera tu re  which leads t o  

a very  low vapor p r e s s u r e  for the  e l emen t s ,  The low t empera tu re  

also causes  a l l  molecular  aggregates t o  have h ign  s t a b i l i t y  and 

independent ly  of a n  i n t e r p r e t a t i o n  as a n u c l e a t i o n  p rocess  w e  

e x p e c t  any diatomic molecules  t o  be s table  a g a i n s t . s p o n t a n e o u s  

m decay. A s  Kramers and te r  Haar showed, t h e  s t e a d y  state mole- 

cu la r  c o n c e n t r a t i o n  is determined by  p h o t o d i s s o c i a t i o n ,  The 

p h o t o d i s s o c i a t i o n  p r o b a b i l i t y  of t he  molecules  w i l l  be approxi -  

ma-<sly independent  of s ize  o r  even i n c r e a s e  €or l a r g e r  molecules  

GS l onge r  wavelengths t e n d  t o  be e f f e c t i v e  (Ca lve r t  and  P i t t S ,  

1966) .  T h i s  behav io r  is q u i t e  d i f f e r e n t  from t h e  decay of c l u s -  

ters i n  n u c l e a t i o n  where t h e  decay p r o b a b i l i t y  decreases w i t h  

size u n t i l  a c r i t i ca l  size is reached cor responding  t o  t h e  s tab le  

nuc leus .  

Some p r e l i m i n a r y  estimates of t h e  fo rma t ion  rate of i n t e r -  

s te l la r  g r a i n s  based on t h e  preceding  a n a l y s i s  can  be made. A t  

this s t a g e  we migh t  seem t o  be i n  tne same p o s i t i o n  as ' tha t  

froin which t e r  Haar (1942) began his a n a l y s i s .  However, s e v e r a i  
I 

f e a t u r e s  show t h i s  is not  actually Xhe case. E)y r e s t r i c t i n g  

2 

\ '  
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c>r;i*s;Clvcs t o  c r y s t a l  growth v i 1  Lhout rcconfoination among d i f f e r e n t  

clciacnts we deal  on ly  w i t h  the heavier e lements  a l r e a d y  i n d i c a t e d .  

Secondly,  ou r  a g g r e g a t e s  are s t ab le  molecules  undergoing photo- 

d i s s o c i n t i o n  not the spontaneous ly  d i s i n t e r g r a t i n g  c lusters .  In 

teiq i-Iaarrs paper ,  c r y s t a l l i n e  p r o p e r t i e s  of t h e  c l u s t e r s  p l a y  

impor tan t  roles.  I n  a d d i t i o n  t o  tine u n c e r t a i n t i e s  a l r e a d y  no ted  

about  u s i n g  t h e s e  macroscopic  p r o p e r t i e s  f o r  small c l u s t e r s ,  it 

does n o t  appear  t h a t  h i s  growth mechanism is c o n s i s t e n t  i n  as- 

suming tha t  it would l e a d  t o  c r y s t a l l i n e  g r a i n s .  T h i s  p o i n t  w i l l  

be c o n s i d e r e d  la ter .  

4. INTERSTELLAR MOLECULAR PROCESSES 

We now examine t h e  k i n e t i c s  of fo rma t ion  of pure g r a i n s  

u s i n g  carbon as a s i g n i f i c a n t  i l l u s t r a t i o n .  Here a g a i n  chemica l  

r e a c t i o n s  i n v o l v i n g  o t h e r  s p e c i e s  are neg lec t ed .  I f  recombina- 

t i o n  r e a c t i o n s  i n c o r p o r a t e  o t h e r  atoms t h e  p r o c e s s  is t h e  al- 

z e r n a t i v e  mechanism of t e r  Baar which w i l l  be b r i e f l y  c o n s i d e r e d  

a t  t h e  end  of t h i s  s e c t i o n .  Should t h e  r e a c t i o n s  remove carbon,  

somewhat a k i n  t o  t h e  molecular  fo rma t ion  p rocess  proposed by 

S t e c h e r  and W i l l i a m s  (1966), t h e  growth ra te  becomes-even slower #' 

t h a n  found h e r e  and i n t e r s t e l l a r  fo rma t ion  of c r y s t a l l i n e  g r a i n s  

sxill less l i k e l y .  

Bates and S p i t z e r  o b t a i n e d  a ra te  c o e f f i c i e n t  for t h e  

r e a c t i o n :  
f 

Cf i- H -> CH i- hV 

\ 

.. 



3 

g i v e n  b y  

-:\ L&&L 3 i n c l u s i o n  of o t h e r  fo rma t ion  and decay p r o c e s s e s  y i e l d s  

a s t e a d y  s t a t e  v a l u e  of lo-'* t o  molecules/cm3, For 

C K r ,  Kramers and  ter  Haar estimate a t o t a l  p roduc t ion  i n  10 

yezrs 0% 5 x 10'6/cm 

9 

3 
b u t  Bates and S p i t z e r  f i n d  those rates -. 

3 are too  h i g h  and  wouldYhave g iven  about  5 x lOW7/cm . These 

nuinbers n e g l e c t  p h o t o d i s s o c i a t i o n  and t h e  ac tua l  d e n s i t y  by 

t h i s  p rocess  must be less ,  I f  p h o t o d i s s o c i a t i o n  f o r  CN' is 

comparable t o  t h a t  €or  CII' a s t e a d y  s t a t e  d e n s i t y  of about  

10'14/cm3 is ob ta ined .  I n  t h e  absence of more ciirect ev idence  

ix is assumed t h a t  C2 would behave s i m i l a r i y ,  

A t h i r d  atom s t i l l  has a low p r o b a b i l i t y  of adding  t o  a 

d i a tomic  molecule  as s t a b i l i z a t i o n  a g a i n s t  r a p i d  d i s s o c i a t i o n  

x s i a i n s  l o w  (Trotman - Dickenson, 9955). Consequently for t h e  
P 

react i o n  

+ C - + C 3 + h  V t i  3 )  

(r 4 )  

When f o u r  molecules  are involved  t h e  f requency  w i t h  which t h e  

newly fcrmed bond a t t a i n s  t h e  recombina t ion  energy  and can 

break becomes comparable t o  t h e  r e c i p r o c a l  r a d i a t i v e  l i f e t i m e .  

I 

i 

The p r o b a b i l i t y  of c a p t u r e  of a f o u r t h  carbon is somewhat less 

- 1 4  - 
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xhan f o r  n o m s 1  r e a c t i o n  p r o b a b i l i t i e s  and w i l l .  be  about  norma2 

f o r  a d d i t i o n a l  carbon atoms. 

?ox- j = 3 w e  t a k e  . Y, 

and f o r  a l l  succeed ing  r e a c t i o n s  

-I - 12 00 "4 0' , O h  ' 

c J +  
. L + i  - i o  - 

Tile r a t e  c o e f f i c i e n t s  i n  e q u a t i o n s  13 

I I /  5) 
J j z - 4  

a n d  

13 are g iven  by t h e  p roduc t s  o * a i  fl 
and 6.1 </L" r e s p e c t i v e l y ,  where 6 is t h e  c o l l i s i o n  

cross s e c t i o n  c m  ) and ftw is t h e  average  r e l a t i v e  

v e i o c i t y  (10 kmlsec) 

2 

4 

The fo rma t ion  r a t e  0 2  a s p e c i e  c o n t a i n i n g  j atoms is 

g iven  by : 

The t i a r e  t h e  fo rma t ion  ra te  c o e f f i c i e n t s  and t h e  P's are t h e  

p h o t o d i s s o c i a t i o n  raies whose v a l u e s  nave been d iscussed  above. 

An approximate s o l u t i o n  may be o b t a i n e d  for the s t e a d y  state by 

s o l v i n g  each  e q u a t i o n  sequence s t a r t i n g  w i t h  the f i r s t  if t h e  

l a s t  term i n  each is dropped, I t  w i l l  t i i r n  o u t  t h a t  the f r ,  i" 
dec rease  r a p i d l y  enough t o  make this l e g i t i m a t e  

T h i s  procedure l e a d s  t o  t h e  f o l l o w i n g  s o l u t i o n  for t h e  ,(kj'S 

- 15 - 



For s u c c e s s i v e l y  larger molecules  t h e  f requency  is m u l t i p l i e d  

b y  16-‘ f o r  e a c h  a d d i t i o n a l  carbon atom added u n t i l  t h e  adop ted  

cocf f i c i c n t s  v a l u e s  change This w i l l  p robably  occur  i n  t h e  

p h o t o d i s s o c i a t i o n  process and affect p which determines $he 

ra te  of d e s t r u c t i o n .  Although t h e  b u i l d i n g  p r o c e s s  may w e l l  

b e  more e f f i c i e n t  than w e  o b t a i n  here, two n e g l e c t e d  f a c t o r s  

j 

make it less e f f i c i e n t .  The dissociation w i l l  n o t  always 

c o n s i s t  o f  the removal o€ a s i n g l e  atom. The broken bond i n  

sone  f r a c t i o n  of xhe cases w i l l  y i e l d  larger f ragments  t h a n  

s i n g l e  atoms, More s i g A i f i c a n t  is t h e  fact  t h h a t ‘ a l l  e l emen t s  

t o  w h i c h  our mechanism a p p l i e s  w i l l  be  l a r g e l y  i o n i z e d  l e a d i n g  

8 ,  

-a a g o s l t i v e l y  charged  carbon polymer and a r e d u c t i o n  i n  t h e  

resultant c a p t u r e  r a t e  of a d d i t i o n a l  carbon i o n s ,  I t  follo7?.ls 

t h e r e f o r e  that t h e  u n c e r t a i n t i e s  i n  t he  c a l c u l a t i o n s  are hardly 

l i k e l y  t o  y i e l d  t h e  r e q u i r e d  g r a i n  d e n s i t y  for conduct ing  

g r a i n s  which f o r  an  e x t i n c t i o n  of 1 mag/kpc is about  l O - l l / c r n  . 3 

ter  Baas imp l i ed  i n  his 1942 paper  t h a t  t h e  b u i l d i n g  

p r o c e s s  may c o n s i s t  o f  a sequence of t h e  form: 

c -3 L 1-1 -2 c- iY L -3 c J-/ c’i ..+ c- 1-1 ; c‘; .a7 <& 1-j. ,y 0 * 
<3 

and s o  on. * T h i s  is t h e  growth mechanism s u g g e s t e d  by P l a t t  

(;956), P l a t t  and Donn (79%)  and developed f u r t h e r  b y  Donn 

(1967) which i e a d s  t o  t h e  s o - c a l l e d  P l a t t  p a r t i c l e .  

paper  is no t  c o n s i d e r i n g  t h e  general  chcmical r e a c t i o n  a s p e c t s  

A s  t h i s  

- 16 - 



of i n - G c r s t e l l a q  g r a i n s  these problems are l e f t  for a fo r th -  

coming d i s c u s s i o n .  

5 .  STELLAR SOURCES 

Because of the problem '01 forming g r a i n s  i n  in ters te l lar  

s;3sce o t h e r  s o u r c e s  r e q u i r e  c o n s i d e r a t i o n .  A s i g n i f  i c e n t  

c o n t r i b u t i o n  was made by UoyLe and Wickramasinghe (1962) and  

d i s c u s s e d  here by Wickramasinghc, namely, g r a p h i t e  fo rma t ion  

i n  c o o l  carbon stars. I n  commenting on his paper ,  I p o i n t e d  

o u t  t h a t  the g r a p h i t e  format ion  problcm m u s t  c o n s i d e r  t h e  com- 

p l e t e  chemical e q u i l i b r i u m  i n  a s t e l l a r  atmosphere t a k i n g  a l l  

c o n s t i x u e n t s  i n t o  account .  Hydrogen is c lear ly  t h e  most i m -  

p o r t a n t  F o r t u n a t e l y ,  the chemical e q u i l i b r i u m  of the CH 

SyStCiyk i i lc1uding g r a p h i t e  s t a b i l i t y  w a s  i n v e s t i g a t e d  by Duff , , 

,-,nd Baucr (1962) They i n c l u d e d  s e v e n t y  hydrocarbons and 

& t e r n i n e d  t h e  tempera ture  a t  w h i c h  g r a p h i t e  becomes s t a b l e  

as a Eunct ion of C/H r a t i o  f o r  s e v e r a l  p r e s s u r e s .  'These r e s u l t s  

are shown i n  F i g u r e  1, modif ied  from t h e  o r i g i n a l  diagram f o r  

b e t t e r  e x t r a p o l a t i o n .  S o l i d  l i n e s  are drawn through t h e  computed 

p o i n t s  and t h e  dashed l i n e s  are e x t r a p o l a t e d  t o  a C/E r a t i o  of 

IOw3, adapted  by Hoyle and Wickramasinghe. 

LOm3 atmospheres , t h e  c o n s i d c r a b i e  e x t r a p o l a t i o n  y i e l d s  a sub- 

For a p r e s s u r e  of 

0 l i m a t i o n  tempera ture  of gra .phi te  of about  2100 I<. Prof. Bauer 

expres sed  t h e  o p i n i o n  t h a t  the p r e s s u r e  e x t r a p o l a t i o n  s h o u l d  be 

v a l i d .  Some t i m e  a f t e r  thjs symposium, further work (Clarke 

- 1 7 9 ,  \ 



and Fox2 1967) ex tended  the c a l c u l a t i o n s  t o  C/H = 0.008 and  

e x p e r i m e n t a l l y  s t u d i e d  g r a p h i t e  e q u i l i b r i u m  i n  a hydrocarbon 

atmosshere , T h e i r  t h e o r e t i c a l  and expe r imen ta l  r e s u l t s  are 

iiI agreement w i t h  the earlier work and  our e x t r a p o l a t i o n .  

Them is a s u g g e s t i o n  t ha t  s u b l i m a t i o n  t empera tu res  would be 

g r e a t e r  by somewhat less t h a n  50°. 

A t  a tempera ture  of 2100°i( c o n d i t i o n s  are less  f a v o r a b l e  

Tor g r a p h i t e  fo rma t ion  and t h e  mechanism becomes r a t h e r  doubt- 

f u l .  (See, however, the comment fo l lowing  Wickramasinghogs 

paper  concern ing  a r e c e n t  detailed a n a l y s i s  of t h i s  problem 

by Donn, Wickramasinghe, Hudson and S t e c h e r ) ,  . 

An impor tan t  f e a t u r e  of the molecular  eq i i i l i h r ium i n  

carbon stars of t y p e  N is the a r r ay  o f  hydrocarbon molecules  

and r a d i c a l s  p r e s e n t  i n  the atmosphere,  I f  t h e  observed  m a s s  

e j e c t i o n  for M stars e x i s t s  f o r  carbon s t a r s  also t h e n  a s i g n i -  

f l c a n t  q u a n t i t y  of these s p e c i e s  is c a r r i e d  i n t o  i n t e r s t e l l a r  

space .  It is conce ivab le  -chat t h e y  may s e r v e  as n u c l e i  for 

f a r t h e r  growth and t h a t  t h e  growth p r o c e s s  may compete favor- 

ably w i t h  photodecomposition of t h e  molecules .  A s  a l r e a d y  

d i s c u s s e d ,  a molecule  of f i v e  or more atoms w i l l  add a n o t h e r  

w i t h  a h igh  p r o b a b i l i t y ,  Whetner t h i s  scheme would l e a d  TO 

g r a p h i t i c  g r a i n s  o r  more n e a r l y  ressemble the composi t ion  and 

s t r u c t u r e  of a P l s t t  p a r t i c l e  is not  now clear. In examining 

this p.roblem t h e  p o s s i b i l i t y  of a g g r e g a t e s  deve loping  beyond 
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the normal a tmospher ic  boundry, perhaps i n  a n  expanding 

enve lop  needs t o  be cons ide red .  T h i s  e n t i r e  p rocess  w i l l  be  

c o n s i d e r e d  i n  greater d e t a i l  at a n o t h e r  t i m e  . , 
- cannot  be s a i d  t h a t  t h e  n u c l e a t i o n  probl-en has been 

s o l v e d .  There are many u n c e r t a i n t i e s  i n  t h e  p r e s e n t  d i s c u s s i o n  ' 

and s e v e r a l  p o s s i b i l i t i e s  have y e t  t o  be i n v e s t i g a t e d .  

6. CRYSTAL GROWTH 

1 w i l l  conclude w i t h  some br ie f  rcinarks about  p a r t i c l e  , 

growth on a p r e - e x i s t i n g  nuc leus .  On the hexagonal o r  'C' f a c e  

02 a g r a p h i t e  l a t t i ce  carbon atom bonds are h i g h l y  s a t u r a t e d  
I 

and t h e  c a p t u r e d  surface atom is he;d by  t h e  r e l a t i v e l y  weak 

van de lVaalPs f o r c e s .  These  no l i - la t t ice  atoms would be capab le  

of d i f f u s i n g  ove r  t h e  sux-lace. Experiments on the fo rma t ion  

of carbon whiskers  (Meyer, 1959) i n d i c a t e s  t h a t  t h i s  does occur .  

A s t u d y  (Donn, 1965) of t h e  k i n e t i c s  of g r a p h i t e  fo rma t ion  i n  

i n t e r s t e l l a r  space  a t  low t empera tu res  i n d i c a t e s  t h a t  t h e  c a p t u r e d  

atoms becomes t r a p p e d  a t  t h e  edge of a IC' f a c e  so t h a t  a 

p l a t e l e t  o r  need le  would teiid t o  grow; The growth rate depends 

upon the s u r f a c e  area of t h e  g r a i n  over  which atoms are col- 

l e c t e d .  T h i s  produces e x p o n e n t i a l  growth u n t i l  t h e  s ize  becomes 

l a r g e r  t h a n  t h e  mean d i f f u s i o n  d i s t a n c e  a f t e r  which Linear  growth 

o c c u r s  
-7 

G;owth of a g r a p h i t e  p l a t e l e t  on a 10 cm nucleus  is 
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shown in Table 2. 

Growth of Grnphitc PZ;ll.elet 

Time (years)  Radius 

(H) = 1 

LO8 
9 

10 

3 
With a d e n s i t y  of one hydrogen atom/cm 

occ’irrs i n  l o 7  years.  I n  10 years t h e  g r a i n  r e a c h  a r a d i u s  of 

p r a c t i c a l l y  no change 
8 

c m  and t h e  rate i n c r e a s e s  very  r a p i d l y  f o r  g r e a t e r  t i m e  

inc ie rva ls  because of t h e  e x p e n e n t i a l  behav io r .  The f i g u r e  of 

i n  p a r e n t h e s i s  i n  column 2 is o b t a i n e d  u s i n g  t h e  e x p e n e n t i a l  

growth e x p r e s s i o n  and obvious ly  is meaningless  excep t  t o  show 

how r a p i d l y  the s ize  i n c r e a s e s  once growth beg ins .  Column 3 

shows the s ize  a t t a i n e d  f o r  t h e  i n t e r v a l s  i n d i c a t e d  i n  dense r  

r e g i o n s  where M(H) = l O / c m  . 3 

We see t h a t  the change i n  s ize  is much g r e a t e r  t h a n  t h e  

d e n s i t y  increase f o r  g r a i n s  of c m .  T h i s  ‘ t h e o r y  can  provide  

f o r  g r a i n  s ize  d i s t r i b u t i o n  w h i c h  changes d i s c o n t i n u o u s l y  from 

s m a l l  to l a r g e  g r a i n s  i n  d i f f e r e n t  r e g i o n s  of t h e  ga laxy ,  

r e s u l t s  n e g l e c t  e f f e c t s  of adsorbcd  atoms or a t tack  by atomic 

These 

\ 
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hydrogen and oxygen which may remove carbon atoms. 

Z' inally,  I would l i l r c  t o  emphasize a p o i n t  re la ted  t o  

- the q u e s t i o n  of c o a t i n g  g r a i n s  e.g. graph i t e  cores w i t h  ice 

mant les .  To have an  eff ic ient  s u b s t r a t e  f o r  condensing a d i f -  

fei-ent molecule, the two s p e c i e s  shou ld  have s imilar  c rys ta l  

p r o p e r t i e s ,  i n  p a r t i c u l a r  w i t h  r e g a r d  t o  c r y s t a l  s t r u c t u r e  and 

l a t t i c e  spac ing .  S i l v e r  i o d i d e  has  a hexagonal  s t r u c t u r e  

similar t o  ice I (normal ice) and is an  e f f e c t i v e  n u c l e a t i n g  

agent; f o r  ice. A s o l u t i o n  of s i l v e r  iclodide w a s  coo led  under  

s u f z i c i e n t  p re s su re  s u c h  t h a t  ice I11 w a s  t h e  stable phase 

(Evans, 1965). However ice I was a g a i n  ob ta ined .  S i l v e r  iodide 

and  ice 1x1 have dissimilar s t r u c t u r e  and s p a c i n g  and s i l v e r  

i o d i d e  w i l l  no t  n u c l e a t e  ice IT1 even i n  t he  P-T domain where 

ice I11 is the  s table  phase,  I n  a second t y p e  of exper iment  

(Yang, Simnad and Pound, 1954) t h e  s t i c k i n g  c o e f f i c i e n t  dropped 

from u n i t y  t o  about  0,65 Gs the  l a t t i ce  s p a c i n g  mismatch i n -  

creased from 0 t o  15% for c u b i c  c r y s t a l s .  

These phenomena i n d i c a t e  t h e  n e c e s s i t y  o f  detailed anal- 

ysis of  p a r t i c l e  format ion .  

material. condenses,  An e x t e n s i v e  body of theore t ica l  and ex- 

pe r imen ta l  data ex is t s  which must be i n c o r p o r a t e d  i n t o  a theory 

I t  is not  as s imple  as s a y i n g  

of i n t e r s t e l l a r  g r a i n  fo rma t ion ,  Much more expe r imen ta l  work 

is needed p a r t i c u l a r l y  f o r  c o n d i t i o n s  a p p r o p r i a t e  t o  a s t r o p h y s i c s .  
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In concluding  I want t o  emphasize, f i r s t l y ,  t h a t  what 

I p r e s e n t e d  h e r e  is a way t o  proceod and some t e n t a t i v e  con- 

c l u s i o n s .  Secondly,  a s t u d y  of i n t c r s t c l l n r  g r a i n  fo rma t ion  

can now be c a r r i e d  o u t  w h i c h  is on a s o t i n t i p i -  b a s i s  t h a n  w a s  

possi.blo i n  l;ho period LO40 - 1950. 1% is nocossary however 

*Lo do ch is  i n  success , ive  s t a g e s .  T h i s  paper  d i s c u s s e d  t h e  

-. 

nu'cleaxion p r o c e s s  i n  some de ta i l  and more b r i e f l y ,  the  c r y s t a l  

growth ,urocess,  Some a t t e n t i o n  was a l s o  g iven  t o  t h e  r o l e  of 

chemical r e a c t i o n s .  F u r t h e r  a n a l y s i s  of the o r i g i n  and s t r u c -  

t u r e  of i n t e r s t e l l a r  g r a i n s  c o n t i n u i n g  a program o u t l i n e d  in 
8 ,  

1953 (Donn, 1953) w i l l  be carried o u t  i n  succeed ing  papers .  
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